Estrogens are the major steroids produced by equine gonads.
Introduction
The conversion of androgens to estrogens, termed aromatization, is catalyzed by P45Oarom enzyme, the product of the gene called CYP19 in humans (1) . Recently, Osawa et al. (2) showed that aromatase also acts as estrogen 2-hydroxylase and postulated that this enzyme could be responsible for the high levels of catechol estrogens and 19-hydroxyandrogens during pregnancy. The enzymatic complex, which is located in the endoplasmic reticulum, includes the heme glycoprotein P450arom and the flavoprotein NADPH-cytochrome P450 reductase.
Estrogen biosynthesis occurs in several tissues and cells of mammals, including adipose tissue, skin fibroblasts, brain, pituitary, prostate, testis, ovary, placenta, and retina (3) (4) (5) (6) (7) (8) (9) (10) . P450arom has been immunohistochemically localized in the syncytiotrophoblast of the human placenta (11) (12) (13) (14) (15) , in ovaries of human, rat, mice, golden hamster, guinea pig, and cow (11, 14, (16) (17) (18) (19) (20) (21) (22) , in testes of rat, mouse, Supported in part by a grant from the Association pour la Recherche sur le Cancer (grant no. 6933) and by a grant from the Ligue Nationale Fransaise contre le Cancer (Comitt de la Manche). and bear (23) (24) (25) , in human prostate (6) , in the brain of quail, rat, and mouse (26-28), and in the retina of goldfish (10) .
In mare, the concentration of estradiol-l7fl, which is the main estrogen in the follicular fluid, is greatly increased in the large follicles compared with the small follicles (8, 29) . The mare cyclic corpus luteum aromatizes androgens very efficiently (30), although only low levels of circulating estradioL17fl are present during the luteal phase (31, 32) . In comparison to other species (33, 34) , the stallion testis secretes very high amounts of estrogens, essentially as estrogen-3-sulfates. Plasma estrogens markedly increase with age (35) , together with the number and volume of Leydig cells (36) . However, the cellular localization of aromatase has not yet been established in equine ovary and testis.
We have previously shown that equine aromatase exhibits some distinct properties compared with the human enzyme: the equine testicular, placental, and ovarian estrogen synthetase aromatizes androgens and 19-norandrogens with similar velocity, but not 16ahydroxytestosterone or epitestosterone, in contrast to the human placental enzyme, which aromatizes androgens and 16a-hydroxytestosterone but not 19-norandrogens (9, 34, 37, 38) . Because of these functional properties, which are in part indicative of a distinct enzyme in human, we isolated the equine enzyme (39) and developed an antiserum against it in rabbits. We report here the cellular distribution of P450arom in stallion testis and mare ovary, as identified by immunohistochemistry.
Materials and Methods
Chemicals. [1~.2P-'H]Testosterone (40.4 Cilmmol) and [lp3H]-androstenedione (50.0 Cilmmol) were purchased from New England Nuclear (Du Pant de Nemours; Les Ulis, France). Non-radioactive steroids, chemicals for the purification of the p450xom and for enzymatic activity studies, goat anti-rabbit IgG. and Freund's complete adjuvant were obtained from Sigma (St Louis, MO). Chemicals for electrophoresis and immunoblotting were obtained from Bio-Rad (Richmond, CA).
Purification of Cytochrome P450,,,.
Equine P450arom (eP45Oar0m) was purified from testis of a 5-year-old stallion as previously described (39). NADPH cytochrome P450 reductase was purified from rat liver and equine testis microsomes as described by Vibet et al. (40) .
Polyclonal Antibody Production. Polyclonal antibodies against purified stallion testicular P45OarOm were raised in three 10-week-old female New Zealand White rabbits by the method described by Parkinson and Gemzik (41) . Each rabbit received 500 pg of eP45OarOm over a period of 15 weeks. At first, an intradermal injection of 300 pg of eP45OarOm in 1 ml PBS emulsified with an equal volume of Freund's complete adjuvant (FCA) was carried out in 20 dorsal sites. Six weeks later, each rabbit was injected SC in five dorsal sites with an emulsion of eP45Oarom (100 pg) in PBS and FCA. One month later, animals were injected IV with eP450a,, in PBS (50 pglrabbit). After 1 week the serum was tested for its antibody titer by ELISA. One month later the rabbits received an IV booster (50 pg eP450uom each). After 1 week the rabbits were anesthetized with phenobarbital (50 mglkg body weight) and were exsanguinated via the carotid artery without local anesthesia. The antiserum obtained was characterized as described below.
ELISA. ELISA plates (Microwell Nunclon Delta; Nunc, Roskilde, Denmark) were coated with 0.2 pg of purified eP450arom in 50 pI PBS and incubated overnight at 4°C. Indirect ELISA was carried out as described by Kitawaki et al. (42) with a goat anti-rabbit IgG antibody coupled to alkaline phosphatase. Values were determined at 405 nm with a Titertek Multiskan type MCC (Labsystem).
Inhibition Test. Microsomes (0.2 mg protein) and purified NADPHcytochrome P450 reductase (10 pg) were pre-incubated on ice for 60 min with increasing concentrations of antiserum or pre-immune rabbit serum as control ( Figure 1 ). For aromatase activity, incubations were performed at 30°C for 10 min in 0.05 M Tris-maleate buffer, pH 7.4. The reaction was started by the addition of 0.3 mM NADPH to a final volume of 0.5 ml and was stopped by 1 ml of chloroform. Aromatase activity was assessed by measurement of 3H20 released from [1b,2P-3H]-testosterone. as previously described by Gaillard and Silberzahn (43) . Reductase activity was determined by measuring the reduction of cytochrome c at 550 nm. Incubations were performed at 30°C for 2 min in 0.2 M sodium phosphate buffer, pH 7.5, containing 0.04 mM EDTA and 20 pM cytochrome c. The reaction was started by the addition of 0.04 mM NADPH to afinal volume of 2.5 ml.
Immunoblotting. Proteins were subjected to electrophoresis on a 9% SDS-polyacrylamide gel according to the method of Laemmli (44), transferred electrophoretically in a Transphor electrophoresis unit (Hoefer Scientific Instrument; San Francisco, CA) to nitrocellulose membranes (0.2 pm; Bio-Rad) at 80 mA for 2 hr in 0.025 M Tris buffer, pH 8.3, containing 192 mM glycine and 20% methanol. After blocking the nonspecific binding sites with 3% gelatin, proteins were probed for 2 hr at room temperature with the antiserum to eP450arom (dilution 1:lOOO) according to the Bio-Rad procedure, using horseradish peroxidase as detection system. were dehydrated in ethanol and butanol and embedded in paraffin. Sections 8 wm thick were mounted on glass slides and allowed to dry. The sections were deparaffinized with toluene, rehydrated through a graded series of ethanols, and then treated for immunohistochemistry. First, sections were washed with PBS containing 1% bovine serum albumin (BSA) for 30 min at 37°C and then incubated with the polyclonal antibody raised against equine testicular P45OarOm (dilution 1:40 in PBS containing 1% BSA) for 30 min at 37'C. After several rinses in PBS, sections were incubated for 30 min at 37'C with fluorescein isothiocyanate (F1TC)-conjugated goat anti-rabbit IgG (dilution 1:160 in PBS containing 1 I BSA). Slides were finally washed with PBS for 30 min and mounted in Fluoprep (BioMerieux; Charbonnitres les Bains. France). All incubations were carried out in a moist chamber. Slides were examined and photographed with a Nikon microscope (Microphot UFX-I1 A) equipped for fluorescence. Controls were processed using identical protocols, except that primary antiserum was omitted or substituted by pre-immune rabbit serum, or pre-absorbed with the antigen. Pre-absorption of eP45OaOm antiserum was obtained by 48-hr preincubation at 4'C of the working antiserum (dilution 1:40) with an excess of eP450arom (23 nmol/ml).
Results

Preparation and Characterization of the Antiserum
Purified testicular eP4SOarom was used as antigen to immunize three rabbits. T h e rabbit antiserum was tested by ELISA a n d was found t o recognize t h e antigen at a dilution up to 10,000 (data not shown). The eP450arom antiserum suppressed aromatase activity of equine testicular and placental microsomes (0.2 mg protein) in a dose-dependent manner with an IC30 value of 2 0 p1 serum: 0.5 ml incubate, as shown in Figure 1 . This antiserum did not suppress NADPH-cytochrome P450 reductase activity of equine testicular microsomes, and was a poor inhibitor of human placental microsomal aromatase activity (extrapolated IC50 value of 330 pl). Pre-immune rabbit serum had no effect on aromatase activity of equine testicular and placental microsomes.
The specificity of the antiserum was also examined by immunoblotting of equine testicular and placental microsomal proteins solubilized with 1% Chaps (Figure 2) . The antiserum strongly recognized a protein with the same electrophoretic mobility as purified P45Oarom. Some faint immunopositive bands of lower molecular weight, which may represent lesser glycosylated forms (45) of eP45Oarom. were also recognized by the antiserum. The preimmune serum did not interact with purified P45Oarom or with equine solubilized microsomal proteins. Taken together, these results show that the polyclonal antiserum developed is highly specific for eP45Oarom.
Im muno Localization of A romatase
The sections fixed in Bouin's and embedded in paraffin displayed good immunostaining characteristics.
Stallion Testis. In the 3-year-old stallion testis ( Figures 3A and  3B) , cells present in the interstitial tissue, i.e., Leydig cells, showed a high degree of immunoreactivity with the antiserum, whereas the Sertoli and germ cells in the seminiferous tubules showed no specific immunoreactivity. Immunoreactive cells formed either clusters within the interstitial spaces or crescents closely apposed to the seminiferous tubules. The labeling was not homogeneous in the cytoplasm of these cells, and no nuclear staining was seen, in agreement with the presumed endoplasmic reticular localization of P45Oarom.
Mare Ovarian Follicles. The follicles observed were antral folli-cles. The first one shown ( Figure 3D ) is a mature antral follicle; it appears with a broad granulosa, with numerous and dissociated cells. These cells exhibited intense immunoreactivity, whereas no reaction was observed in the thecal or stromal cells. In contrast, the second follicle ( Figure 3E ) is a much younger antral follicle showing a narrow dense granulosa, with little joined cells that are less immunoreactive.
Mare Ovarian Corpus Luteum. The strong immunoreactivity observed in all cells of the cyclic corpus luteum ( Figure 3G ) was always weaker than that seen in the granulosa cells of large viable follicles. Stromal projections of fibrous connective tissue penetrated deeply into the glandular parenchyma composed of large tightly packed luteal cells.
Controls. No specific staining was observed when sections were processed without primary antiserum ( Figure 3H ). Specific immunostaining was negative when the primary antibody was replaced by the same dilution of non-immunized rabbit serum ( Figures 3C  and 3F ). Pre-incubation of the primary antiserum with an excess of purified eP45Omom blocked the positive immunoreactivity of the eP45Oarom antiserum seen in sections of equine testis and ovary (data not shown).
Discussion
This study describes the first immunolocalization of aromatase in horse gonads. We have previously demonstrated very specific properties of equine aromatase (34.38) suggesting functional differences from the human P45Oarom. It was therefore necessary to develop and use polyclonal antibodies to equine aromatase to examine its distribution in equine testis and ovary. The antisera obtained from three rabbits immunized with equine testicular P45Omom presented a low immunoreactivity with human placental aromatase, as shown by enzyme inhibition (Figure 1) and by immunoblotting analyses (Figure 2 ). This antiserum was found to suppress at the same level both equine testicular and placental aromatase activities; therefore, it appears to interact in the same way with the cytochrome P45Oarom in different tissues. The specificity of the antiserum produced was demonstrated by immunoblot analysis, which revealed that it recognized, in equine testicular and placental microsomes, a major protein band having the same molecular weight as the purified equine P45Oarom. Taken together, the different criteria examined justify the choice of an antiserum specifically raised against eP45Oarom and validate its use for immunohistochemical studies in this species.
The present observations confirmed that Bouin's-fixed tissue preserved both the aromatase antigenicity and a good structural integrity of the tissue (6,21). Application of the anti-eP450arom antiserum to histological specimens resulted in the identification of immunoreactivity in specific cell types of aromatase-containing tissues. ' Specificity of the staining was established by blocking eP450arom immunoreactivity of the antibodies by pre-incubation with the antigen purified in this laboratory (39) and by the failure to obtain a histochemical reaction when the primary antibody was omitted.
Testes are the main, if not the sole, source of estrogens in the male horse (34, 46) . In stallion, urinary and plasma levels of estrogens are very low up to 2 years of age and then increase during I . the following years (35.47) . The in vitro aromatizing ability of the equine testicular tissue is almost negligible before 2 years of age but increases markedly afterwards (43). The present immunohistochemical study confirmed the presence of aromatase in a 3-year-old young adult stallion testis at the beginning of the breeding season. This was important because stallions show seasonal changes in most of the reproductive parameters including testicular weight, Leydig cell number, estrogen levels, and daily sperm production (48-51). However, in stallions, unlike other seasonal breeders, spermatogenesis is reduced but does not cease during the non-breeding season. In the present case, we observed signs of active spermatogenesis, all germ cells and especially spermatozoa being visible in the seminiferous tubules. This validated the use of this stallion to localize aromatax in the testis by immunohistochemistry.
Our results in stallion testis demonstrated that Leydig cells are the predominant, if not the sole, site of estrogen biosynthesis in vivo. It has previously been reported that Leydig cells purified from scrotal testes of a 2-year-old and a 4-year-old stallion secrete estrogens (52). Since the volume of Leydig cells per gram of parenchyma increases three-fold between 2 and 3 years and 13 to 20 years (36), this cellular localization of aromatase could explain the age-related increases of plasma and urinary levels of estrogens and the agerelated increase of specific activity of equine testicular microsomal aromatase. In the stallion, as was observed in the mouse (24) , all Leydig cells were not equally immunostained. In the adult equine testis, two distinct types of Leydig cells have been observed (53). Whether a correlation exists between the immunoreactive and the ultrastructural differences of the equine Leydig cells remains to be explored.
In agreement with our results in the stallion, aromatase has been immunohistolocalized only in Leydig cells in humans (54) and in young or adult rats (23) . However, striking species differences exist, because in mouse (24) and brown bear (25) , aromatase appears to be present not only in Leydig cells but also predominantly in spermatids. By contrast, aromatase activity can be measured in cultured human Sertoli cells ( 5 5 ) and immature rat (56) . The variations noted between immunohistolocalization and cell culture methods could result either from an absence of endocrine or paracrine regulation in culture dishes, due for example to germ cell depletion, or from the effect of the nature of the dishes on Sertoli cell differentiation (57) . Whatever the cause, we can speculate that immunohistolocalization in the whole gonad will provide better information about physiological situations in vivo than the in vitro studies.
In the mare, our immunohistochemical study demonstrates that aromatase is present at very low levels in a few granulosa cells of small follicles and is at very high levels in all granulosa cells of large follicles. This is in agreement with the fact that the estrogen levels greatly increase in follicular fluid from small to large viable follicles and decrease during the pre-ovulatory phase (8, 29) . Moreover, equine granulosa cells of viable follicles possess a very active aromatizing system (38.58). Sirois et al. (59) confirmed that equine granulosa cells have high aromatase activity but also reported that the theca interna has limited aromatizing capability. By contrast, in the present work no immunoreactivity was seen in theca cells of small and large follicles and in stromal cells, which is in agreement with the current "two-cell" model postulating that androgen production occurs in theca cells and estrogen production occurs in granulosa cells. Sasano et al. (17) and Tamura et al. (60) localized by immunohistochemistry P45Oarom only in granulosa cells of antral or preovulatory follicles, whereas granulosa cells of early stages and theca cells were negative. However, in the human follicle, it has been reported (61, 62) that thecal tissue produces estrogens, but in a much lower amount than granulosa cells. Suzuki et al. (63) , who found P45Oarom immunoreactivity in granulosa cells of human antral and pre-ovulatory follicles, also observed some immunoreactive theca interna cells in one pre-ovulatory follicle. Inkster and Brodie (13) , using a monoclonal antibody, even found that aromatase is first immunohistolocalited in the theca interna of early antral follicles and is then expressed in both granulosa cells and theca interna. Finally, granulosa cells are the major source of aromatase in large pre-ovulatory follicles (22) . In the ovary of the rat, mouse, golden hamster, guinea pig, and cow, positive immunoreaction for P45Oarom was detected only in granulosa cells of pre-ovulatory follicles (16, 19) . Nevertheless, Tsuri et al. (64) detected positive staining for aromatase in granulosa cells from secondary follicles to preovulatory follicles in hamster ovaries, and El-Maasarany et al. (21) observed P450,om immunostaining in both granulosa and theca cells of early antral and pre-ovulatory follicles of rat ovaries. It therefore appears that, depending on the animal species and the stage of follicle development, granulosa cells are always able to synthesize estrogens, and that theca cells express the enzyme in some cases.
The present work also provides evidence that P45Oarom is abundant in the cyclic corpus luteum. As a matter of fact. our group has previously demonstrated the ability of the equine corpus luteum microsomes to produce androgens and estrogens when incubated with labeled progesterone. It was even shown that aromatase activity of equine luteal tissue progressively declines from the corpus hemorrhagicum but remains present even in the corpus albicans (29JO). Our observation that aromatase activity is present in all luteinized cells of the mare is in agreement with previous histological and ultrastructural studies which have shown that the mare corpus luteum results from the luteinization of granulosa cells alone, the theca interna cells disappearing just after ovulation By contrast, the corpus luteum of several mammalian species contains small and large cells that are assumed to be luteinized theca and granulosa cells respectively (69, 70) . In the human ovary, variations are noticeable. Only luteinized granulosa cells are found to be immunoreactive for some authors (14, 17, 60) . However, in addition, a subpopulation or a few luteinized cells derived from the theca also appeared to be immunoreactive for other authors (22, 63) . Ishimura et al. (16) and B o n g et al. (19) observed that only some cells of corpora lutea of rat, mouse, hamster, guinea pig, and cow presented very weak immunostaining, whereas most of the lutein cells were negative. This is different from the results of El-Maasarany et al. (21) and Tsuri et al. (64) , who found that cycling corpora lutea of rat and hamster exhibited intense immunostaining.
In conclusion, the present investigation has shown by immunohistochemistry that P45Oarom was only detectable in the cytoplasm of Leydig cells of stallion testis, and that in the mare ovary weak P45Oarom immunoreactivity was detected in some granulosa cells of small follicles; this immunostaining strikingly increases in (65) (66) (67) (68) . 
